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Foreword

The stunning changes in the complexion of international politics that began
late in the decade of the 1980s and continue today will profoundly affect the
American military establishment as a whole, and the US Air Force in particular.
Decisions about the future course of the military will be made in the early part
of the 1990s which will essentially determine the course of the US Air Force well
into the next century. Decisions of such importance require thoughtful con-
sideration of all points of view.

This report is one in a special series of CADRE Papers which address many of
the issues that decision makers must consider when undertaking such momen-
tous decisions. The list of subjects addressed in this special series is by no means
exhaustive, and the treatment of each subject is certainly not definitive. However,
the Papers do treat topics of considerable importance to the future of the US Air
Force, treat them with care and originality, and provide valuable insights.

We believe this special series of CADRE Papers can be of considerable value to
policymakers at all levels as they plan for the US Air Force and its role in the
so-called postcontainment environment.

DENNIS M. DREW, Col, USAF
Director
Airpower Research Institute
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Executive Summary

This paper considers the question of cost and performance in major weapon
systems. The existing state of technology determines what is possible in every
new design. How much technology to incorporate into hardware involves choices
between performance (better quality) and lower cost (greater numbers). Current
design practices place a decided emphasis on performance.

An articulate group of critics with a large following charges that unchecked
pursuit of technological opportunities precludes intelligent cost-performance
choices. Weapon systems feature large numbers of expensive gadgets that add
little to military effectiveness and much to cost. As a result, we're buying in
numbers too small to be really effective. These issues were part of a major debate
in the 1970s but faded somewhat with increased funding during the 1980s. With
the drawdowns and reassessments of the 1990s, the question of numbers versus
performance will likely return to prominence.

Chapter I is an overview of past experience in exploiting technology for military
purposes. Traditionally, the slow pace of innovation and institutional conser-
vatism made technology a minor part of the military planning problem. However.
modem military powers specifically plan to advance military technology and
exploit that progress with deployed hardware. The most radical practitioner of
the modem approach is the United States, which regards technical superiority
as a vital national interest.

Chapter 2 is a summary of the critics' views. Fundamentally, they assert that
the acquisition process precludes systematic, rational choices between cost and
performance. New weapons reflect the pursuit of technical opportunities rather
than concern for military effectiveness. Study of the process itself underpins the
critics' case. Although it is possible to find fault with what the critics say, it is
difficult to defend the process itself. It is also important to remember that the
critics' views are widely shared in the policy-making community.

Chapter 3 considers the empirical record and concludes that system designs
show evidence of a consistent, rational pursuit of combat effectiveness. A set of
66 Navy and Air Force tactical aircraft types constitute the case study. The data
reveal a military judgment that quality is more important than quantity. with that
assessment consistently reflected in actual designs. The data do not support the
critics' belief that increments in performance come at increasingly higher cost.

Chapter 4 looks at some indicators for the future. First, recent studies of actual
combat results suggest that quality is indeed more important than quantity.
Second is the effect of increased uncertainty. With a changing threat and
planning environment, we no longer have a predominant scenario such as Central

tx



Europe--therefore we have more uncertainty hi our planning problem. Insights
from the theory of financial portfolios suggest we should pay extra for assets that
reduce risk in lorce performance. Some study evidence indicates that higher
performance forces are less risky. Hence, there is reason to believe t hat cont inued
emphasis on performance is appropriate in post-cold war system designs.

x



Chapter I

Technology, Cost, and Performance
as a Military Problem

THE purpose of this paper is to explore aft er demonstrat ion oi tech i.ca l
the Issite of cost versus perfbrmance (or fiasibillity, a breech-loading infantry title
quality versus quantity) In major weapon first appeared aq standard equiptpnC1(.'
systems. Every weapon design evolves Until the modern era, there was no
within a given state of technology that defined process for advancing or exploit -
provides a menu of technical options and ing technologv bor nulitary vptlrp)es.4 In-

associated costs. How much available ventions were perftected, deployed, arid
technology to Include in the design in- then forgotten." Typically, hiinovations in
volves choices between more technology hardware resulted from the efiOrts of in-
(higher performance) against lower cost dividual inventors to find military cus-
(and greater numbers).' tomers. f In short, technical iunovation

was not the province of the militar y
profession. Commentators fron Stn Tzu

Historical Record to Clausewitz and Joinini could regard
technology as essentially fixed, or at least

THE relationship of technology to the as a matter outside their concern. Even
other elements of the art of war and the some technically oriented teheorlsts of the
exploitation of technical means in twentieth century such as J. F. C. Fuller
hardware design is not a new Issue. The and B. H. Liddell Hlart emphasized the
historical record Indicates that tech- exploitation of particular technologies
nological innovation has exerted an Im- rather than technical progress as part of
portant, and sometimes dominant, military planning.!
Influence on military operations. How- Traditionally. military institutions
ever, history demonstrates that more have been technically conservative, rests-
technology does not always equate to tant to the incorporation of new tech-
greater operational effectiveness. Ex- nologles in hardware, and reluctant to
perlence also shows that other factors reflect new technical means in doctrine,
have been major, sometimes dominant, tactics, and force structure." Technology
influences as well. was not a planning variable tmtil well

Until the modem era, military technol- after the Napoleonic Wars. Trevor N.
ogy progressed slowly. Before the twen- Dupuy credits the Prussian general staff
tieth century major military theorists of the nineteenth century as being the
could take technology as a given ftrst to explicitly plan for technical in-
-rhenomenon, because it changed little in
a l'fetlme. 2 It took nearly four centuries novations. Martin L. van Creveld em-

to fully realize the potential of gunpowder phasizes the Influence of twentieth
in terms of deployed hardvrare, doctrine, century wartare on military perceptions
and tactics. Nearly one hundred years of technoloy.N9

S• nmnn unn unum uuunmuu mnH~N,$1,• i -- 1
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(Changes ill ililitary t,-( ltiolog, have I)toIIItu st )i ( 1(tt-(h ,l for it-, owl •,,ik-

always exerted a per v'asive ilhlelt(CV O ia iartin L. val ('reveld s Sst'- lit , t1l1e

the conduct of war. TechInoh4l),"iIO d(it-Ittt Igit -I Its aIid dC'sigVIIt s - I tht l-tI j ;I

what is lpossible in mtilitary operations."' RelIaulssa;n'e is pal tirtulaalk itliple"tSii:

Even in ancient t nues. technical itllr ova- -Tlit, apliott theit iLigiiiat iml, to) ohw

lions or even a relatively smalllu technical crishtlict ii of a very lil ge nunillti (t
edge were extremely imiportant. I'hc (Iiipli ated 1Illaciljies. tfit- real potptisc

Ronmans inlcorpor-ation o1l)o,. ding ranips (Af whiclh was applalitlliy 114)t -;( [il] h to

on galleys did nmtuch to wrest conmmand .o do, ti-eltil w\vrk a; tit exxplrc wav;s ii)

the sea troni the Carthaginians in the whi(h t(hose devices c((110W be com-
Ptnic Wars. Sirnilarly, Rortair rise of blt," I.

shock and lire weapons against the Oihel dangels iulhiude technical ilt
simpler, shock oriented Hlellenistic re uvations narromwlv 1oclitoed on es't o,

armies was a key ingredient in conquer- lhshied lines. The devices intended t1, kecl
ing the eastern Mediterranean.' Oc- the horse cavalrh a viable combat arrii
casionally. there has been a decisive after World War I are well-known ex

weapon for which the eneriy had no amples of diverting technolokfy and in-
counter, the Byzantines' -Greek fire" vestment) from the direct ptrrsuil (A
being a well-known example. i2 One can military ellectiveness.'• Taking estab-
trace historical eras in military art and lished lines of technology to extremes has
science through the use of such resulted in warships so top-heavy with
dominant weapons as the longbow. mus- new devices that they sank oin their
ket. add quick-firing artillery. " In 1945 maiden voyages or proved otherwise
Fuller equated victory with finding the operationally inefftctive. Thie extremely

14
right hardware. heavy plate of armor of the later medieval

Nonetheless, technology has been only period is another example. That sort of
one of many factors in the military innovation also concentrated fighting
balance. Victory has always involved power in platlorms so few and so precious
matching strengths against enemy weak- that they could not be placed in hiarnirs
nesses and masking deficiencies: more a way, such as World War I dreadnoughts.
matter of defeating an opponent thanr A device that cannot be risked has only
mastering nature. Many nifitary revelu- limited cla'ms to being a wealpn.
tions did not Involve technological in- Although military d0-tgns have always
novation per se but rather the paid a premium for perirmrance, it is not
imaginative combination of existing always clear how much is too much.2"
means of war. The system growing out of Airmen, In particular have disagreed.
the French Revolution and the genius of Fet exaiuiple, Giulio Douhnet advocated
Napoleon is one example. Tihe German the 'battleplane" (a moderate cost,
army's introduction of the panzer division moderate performance bonroer), a view
is another.is that contrasts wiih Air Marshal Hugh

Finally, exploiting technology is poten- Trenchard's emphasis on weapons of
tially dangerous. Periods of technical in- first-rate quality.2 1

novation have sometimes accompanied a
deterioration in other military arts: a
problem dating at least to the Hellenistic The Current Situation
states of the ancient world."' Of even
more concern is the tendency of factors IN contrast to tie military prc.tession's
other than military effectiveness to in- traditionally passive attitude toward
th-ince hardware design, such as the technology, all conttcuporar f great

2



powers have large and expensive ilil Italy dt-duce (tllIl eleci Vt'Uet'• wiiN0
technical branches dedicated to adv~nc- the F-15 1.111d ilhe ad 'a•,•].'dat. ir-.
lng the state of the art and exploAing filhter. AMLkAM ay.v i i Lta!, tilt all
technitcal possibilities in weapon ,v'?tli- ait to-alt combat ie;a i ii lay ii
designs.22 2 i.- clearest exanmple c le.li- the side with lutnilArs. Advýitt 'td heal -
nical emphasis is tlih conteriporary se'king nisstles caused silik- rest- it
United States. The creation anct exploita- close-in day .ist!q ilitl rules (VFRJ coui-
tion of technical advantages is an Integral )al, as showyi in tile air coombat evalua-
part of contemporary national sec-urity tion/air it!tercept inissile e'alutation
strategy, and technical superiority is (A('EVAL/AIMVAL) test scetes.'7

regarded as a tajor natiotal intel es A itt a broader senfve, the tittre ,,I
not'4)le body of opinion anti research I nittnlr, technoloyv appl)ears to lie xi the
holds that contemporary Western prac- int•graled balttlelteld, or. lo use -a Sovi-l
lice In system design is tilted alnost ex- term. ill recoritiss(tc('•, strike cor()fl.xes
clusively toward the pursuit of tecluioloay KRI iK).:!" Sensor conpiexes (satellites.
without regard to cost. reconnaissance jiecme] aircralt, Ai)bol-re

It is tempting to conclude that receit Warning - id Control Systemn [AWANSj.
events LP the Culf war settled tile argu- ann Joint Survillance target Attack
ment in favor of the current ' aphasis on Radar System IJ-SrARSI) quickly assess
perornmance and (It ality. That may turn the operational situation. Modern cotln-
out to be true. The current generation of nitnicatlons rapidly link siinsors, c'-n-
hardware has worked quite well. ) And, mnand centers, and combat units. PGMs
It seems natural to conclude that the are quitkly and lethally allocated to
services have made good choices in enemy targets. The Desert Storm opera-
.iardware design. lion is possibly P-e first credibly opera-

To regard the debate on cost versts tional RUK In tctual combat.-"

performance as permanently closed is The Imphications of tile integrated
more likely a misinterpretation of the les- battlefield arg.uably include the potential
sons of Operation Desert Storm, future for cheaper, less capable systemus within
directions In military technology, the per- the integrated complex (RU K). For e-x-
sistence of the critics, and the fiscal fu- ample, central sensor systems plus corn-
lure. First, the stars of the Gulf municallons could 1 ovide lhe
operations were not just the high-cost, sittiational awareness that wet now expect
hligdy capable platforms such as the F 15 fr-om on-board components. The tlobal
and F-I 17A. The new generation of positioning system (GPS) reduces the
precision guided munitions (PGM) need for high-perfornance navigational
recorded the most spectacular successes. systems aboard individual plattorins.
Also, the A-10A. designed as a low-cost The critics are unlikely to niiss these or
specialized aircraft, performed very similar arguments.
well.26 What's said here aixMIt RU Ks is sonic-

The future direction of military tech- what speculative. It is not speculative.

nclogy will not necessarily favor the cur- however, to predict that dlehcense neelds
rent emphasis on Individual system will be underfunded in the years ahead-

performance. Even low-cost, perhaps beavior hily consislent with 1)85S
unmanned, systems can carry highly periods when no miajor mililary ihteal
soph,-,ttcated PGMs. In the air-to-air posed a clear andI preset it danger to vital
arena, the F-16's ability to carry thie natitnal inttcrests. With alpri)pritda•
launch-and -leave advanced mnedium- finds never meeting planntig torerasts.

range air-to-air missile (AMRAAM) may purchases of new equipmlenl will b(e

3
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decreased, and force planming will suf- cost and pertorniance in major weapon
er.r0 In those circumstances, design op- systems. It begins with the critics' posi-
tions that allow for larger numbers to be tion. assesses the ernplrý .! -- "-rd using
purchased will appear more attractive. I cost and performance data for US tactical
And, a vocal group of advocates is In place aircraft, and finally, offers some thoughts
to make the case to our national leader- on cost and performance trade-ofis in the
ship.31 post--cold war period.

This discussion is therefore organized
as part of an ongoing debate regarding
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Chapter 2

The Conventional View of
Cost-Performance Choices

THIS chapter could be titled "the gadget- at least three masters: technical.
happy mllltary."'ihe most conmmonly held military, and political.2 The process pur-
belief (the "conventional wisdom") regard- ,ues at least three sets of inconsistent

trg quality versus quantity choices is that goals with the various players assessing

the major weapon systems are laden with different priorities.

technological bells and whistles that add Developing and producing military
much to cost but little, if anything, to equipment has become routinized and

bureaucratized. The industrial concernsmiliarye~etiveess Ths isa s ary involved constitute a remarkably stable
of that position, without a complete sur- gnoup.d c e majorgvemarnm tplae

vey or extensive critique. group. The major gverment players

The conventional wisdom position has include the services (with using com-

an extraordinarily wride following. Advo- mands, research and development [R&DI

cates Include an industrial leader like agencies, and service staffs): the

Norman Augu stine, Washington analysts secretary of defense (and staff agencies):

like William McNaugher and Chuck varlous (and increasingly numerous) con-

Spinnev. as well as a more ideological gressional committees. subcommi ttees,

critic like Mary Kaldor.' and support agencies (including the

One can simply state that military General Accounting Office, the Congres-
sional Budget Office, and] the Cona'res-

hardware is -gold plated" and not expect sional Budet O erice ) and te ore
to offer much justification, even In the sional Research Service): and (morePenagn.Assrtngthat military recently) the Joint Staff-.4

Pentagon. Asserting tEach agency has its own agenda and
hardware is designed through conscious
choices balancing increments in cost and many avenues to pursue it. A player that
performance in the interest of military ppeal"
effectiveness is likely to be controversial others, inchiding the federal cmirfs and

virtually anywhere. Therelore, whether the press. The multiplicity of interested
ni not on•,. A~lieves the critics, it is inpor- parties. objectives, and decision arenas

tant to understand their positions, encourages contentious and strategic I)-
havior: most agree that tihe process is
adversarial."

The Flawed Process The process itself. therefore, obscures
the question ofiwhether we are designing

TiE conventional wisdom concerns it- and fielding cost-eltectlive militarv equip-
self with analyses of ihe acquisition ment. No one takes specific exception to
process, with less attention to results. cost-eflecltiveness, but It Is only one of
Procurement of military hardware serves many objectives those involved pursue.
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The Technological Imperative tore, new svstellis inhierenitly starl with
p.,, OV(erspecifted req uirviu ners (h i den of'

T HE United States is contruit tedl to sLI- Ct0iISeililsS) anid too little funinilrg (burden

periority in both b)asic mnilitary tech- of otinttlisiSl)."

nologies and fielded systemis-tot good To niake tiLAIaters worse, the new svs-

reasjon." We have a conmpet itilye ad- telnt is rushed toward produtct foil, illitti-

vantage [in our ability to dlevelop sophis- illizilg thle time available to test thie
tca tedl hi gli-pe riornuiance weapo'n design's pi act icaity alld to cotTeci ibiws,

systems-. We compensate~ for outi miwill- at a m~odlest cost. Tlhis practice make,,
ingness to put large numrbers of people inI elliliiintlv go )d senlse to tile lilavers inI

harmns way arid accepting large nitinibers vt dvel. TC1C1l ilt 0ýy~ ii LOVitaI)I di th is-

of casuralties with advanitages fin technol and it anation conlilluit ted to tectiicaiil si -

0gV We think in ternns of- iighnt lig tolt- peiioritv c'annt dailord to dlithle!- aixit
lu inhered. ý'XjploitjlIl24 its technlical adlvant ages.

The ct 'iiveniitonal wisdomi , harges that More-over. tile sooner the systemi reacht-;

we'Ive taken emphasis cii techit olocfx' to p!OdlU('ilon arid (it iiiovnnent. thie less litime

extremres. We add gadgets that are 1unre- fthe so pportinO ( 'tafitl on need, to1 hold
lated to military efl'cctjIvnnss for reasons t oget tIIer. 1

endemic to thie way We do buIsriess.7 The process thierefore dictates, that
Typically, we buy new s 'ystemis as techni- dIevelopmen'rt arid p~roculremlenlt ofnt fiilatN

cal improvements instead of replacing hardware proceed with little or nio refe~r-
Worn-ouit equiipment. More than onie ini- ence to the cost -quality trade-otis. The

dlustrial concern Is able to develop anid cunibihined burd-enis oft consenlsus. ',p-
mlanufacture equipment emibodying the tinjisnri. anid overspeciticat ton tneaii
new technologies. Thleref~ore. contractoir gadlgets added i'or reasons unrelated 1to
comupetition emuphasizes technical. tea- operational utility.
trures, with optimistic prý;i:s(s about
costs and risks.ý

Officials. mdiitary and~ civilia n. iuost Tecchnology versus Innovation
Oirectly involved With 1-Ie new systemr and Effectiveness
preserve that optinitsin. Beyoind tire en)-
ihusiasni normial to the eriv ý,tage5 ot 1iHIl quest itwr techniolo' I-v risot tP'.
any new project. they have a fin-rn betliet :1L samew as a conhnnitlnent it) inniovation) in.
thre military etticacv I' thie I echnologhfs tact, tile acqu Iisition Cstabiishlnleu it oltter
being pursued. Arid. Its prackt ed oppo ses titl(, tnnovaftion. Alft'r tII- start
bureaucrats, they know whiat tt take-, 'to of'developtment. the conl r-.lcton mnust work
torni tire coalitions needed to sustairi the vuithin an extensive list of requinreinenits.-
program throughoutI the protraiclrd ri~ti of' which preclude new nivtias of
dlevelopmnent and production process,. designin~g anid producing ain effective
Thiey are aware of the importance- of a miilitary svstennl."rS Coalition bntldini,
co~nsensuls amnong tntecrest-, an(]lcon- qutires incorlxwrat tag established miat; re
stituenctes within one's service. in teclintnitngies with the bureaulcratic Silp-
Departmient of D!efense (DOD1), anid oi porf. Rad~ically nlewvtechInologies tend not,)
Capitol Hill. to have stronig backers and] are therefor e

Building coalitions inevitably requiures NkTittel (-)It of the syst eml specificatiotnus
comnpromise, often in the limin of adding As a rest nit, ove deniand large Iipmprve-
someone else's favorite gadget to the sys- tnelits fin perltciinance, and we rely oni
tern specificat Ions, " Ini the optimnismr of m'Lat re (somie sav "decadent-) tech-
the early stages, that is easy to dto. Thiere- riologies. iromn which incremneits oi per-
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tormance are available only at very high F- 104s to eifectivel, engage low-altitude.
cost." Facing sharply restricted techni- subsonic Indian air(raft IGnats) in 1965
cal choices and expected to live within as clear-cut exidence of the deficient per-
optimistic cost estimates, the contractors fornmauce of high-perfornance, mnulti-
and program mianragers Inevitably devole mission, taroque weapons.2 ActualIv.
most of their etlorts to satisfying the per- there ts a strong case tom the F 104 not
forniance goals.' However, there is no
free lunch; the costs associated with the beiong a design essionl it hi
technological imperative are Increased
complexity, lower reliability, high nn- aitude. superhsonic ilterceltor. A ha
tenance costs, and Inadequate iriinibers Oque system would have iimchiid-d howcr

of weapons . urchased.7 altitude engagements In its specificatioiis

Gadgets specified at conceptiorn plus and would have. performed letter againt,(

other gadgets added during development the Indian aircrafi.t:'
11atA, ourI weapon systems highly corm- Likewise the issue of gold plating and

I' tlie "-baroqiie" arsenal. 8 In opera- complexity is clouded in the casc of the
io(tolli rise, complex systems are likely to F-86- the favorite of' mutmy critics who

break, are difficult to repair, and gener- I ts

ally ex•penslve to maintain. They ar- 4-1- cite Ifs conspicious successes in, Kore'-

lie.reftV unr y and in the 1971 war between India and
Therer t sr pc i Pakistani and tout it as the "last great

herefore, the quest for perormance is tltes.21

rnot consistent with designing for military f- ilowever, added gadgets, comnple'ity,
ot ecll•veness. Some critics charge that g

the perforniaice Increment~s are not growth in gross weight. and low

wotlh the extra costs. Some go ;'iilhei availability •r combat plagued the F-•6
and assert that exira compleldty ,.clually in Its early years.2 s 1f appears !that lie
reduces the effectiveness of individula! critics' good exam, "hý;re the problems

uns of their bad e-.amples.

Murrav L iWeldenbaum uses: 'xterti'l
The cnvcritional wisdom concludes

the acquitsimi.)I process ...orks badly. Thueme clerr i clean a 2r h iia.

ý,i(- noteworthy successes oC '1trr ouotside designs as proof of gol X

t1 w us:jil channels. The critics state, for tually, most external equipme,!t is added

that we have ithe F-i 6 oily be- as part of modifying eqiipmeril itt
Sen-ice-soliiei ti0ing most (. iticS asse; I if,

r a!sY DC) l:-adlership did not fo!low es-

tabli.shed Air Force procedures.2 not done ofteu enough.

The story sometimes floes i..l tf7-ack
well. For exampie. Kaldor takes pains to

A Preliminary Assessment dilferentlate the Soviets" >'omservativ'"
approach to weapon design witli the -;

ON)E can find fault witlh the convern- roque Western approach."' Sinn
tional wisdom. First, the critics haven't Western methods are arg.ued to lessen
always been careful with their argu- military effectiveness, one would expect

ments. When it comes to specific cases, the Soviets to be ahead in the military

what constitutes a gold-plated. baroque competition. Instead, Kaldor states that
design is often vague, or at least subject the West has consistenfly held the Iuitta-

to differing interpretations. For example, tive in the anns race--wiih tile Soviets
Kaldor cites the inability of Pakistani doggedly trying to keep pace.2 it !s dif-

7
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licult to reconcile those two assertions. Conclusions Regarding the
especi.ily when offered together. Conventional Wisdom

Second, experience disproves many
propositions the critics ot-er. KFador TJHERE are three keys to tunderstanding
predicted in 1981 that electronic innIova- the conventional wisdom. First. it is well
tions (e.g., PGMs) would receive insuifi- entrenched in popular beliefs. Most
cient attention because of preoccupation people believe that military hardware is
with the older (decadent) technologies as- developed and procured without regard to
sociated with the aircraft and automioUve cost, that gold plating is simply a part of
industries." That statement is at odds the way the military works. ,Second. the
with McNaugher's well-documented con- critics are not perfect. Many parts of their
tention that the services pursued the arguments do not withstand close cx-
Maverick (a PGM by any definition) with amination. Finally, even with imperfec-
too much enthusiasm and haste.:11 (ions, it is difficult to comprehensivehl

Another example is Spi-nney's predic- refute the conventional wisdom. The
tion that fighters like the F-15 simply critics aim most of their fire at the ac-
can't generate sorties in anything resem- quisition process. Taking themn on point
bling the amounts predicted in war by point means defending an inperfect
plans. Field tests with F-15s have process, which most agree is not defen-
demonstiated ability to meet or exceed sible in every detail.
the sortie rates specified in the war plans.
Similar results OCCulTed tit the Gulflwar.1 3ý'
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Chapter 3

The Empirical Record
The Case of US Tactical Air

THEF proof is In the pudding, and the piricalverlficatlon. TheAnalvi, Sciein'es
worth is In the output. Althooogh much Corporation RTAS,( has developew d an e.,

attention has been di voted to flaws in the lensive data base it lat lug inissio

acquisition process. the conventional capability t) cost of iS tactical aircriaft.'

wisdom has committed less effort to ats- A Rand aitakvsis of that data has shed

sessing the outcomes. This chapter uset considerable ueist on the factors a

US tactical air as a case study to ases; Ing For cost of tactical Aircraft. B111l(1'Iig
on those studies. wx- can subIhecl various

thle oltcomle of the acquisition process. jpropositions about major wealx systehm

Unit costs of major weapon systems cost and performance to empirical test-
have increased-a well-publicized and rsing US tacti''aI aircraft a, a ease lot

acknowleciged fact. The performance antd study.
combat capabilities of major weapon sys-
tems have also increased, a fact less

publicized and acknowledged. Two e- Empirical mplications of the
amples illustrate the latter point. One Conventional Wisdom

squadron of F-15s could easily have
replaced the entire bornmer force corn- RFERRING back 0o ( ha pter 2. w-r:a
milled against Schwein!urt in October ReseraiN,

194-peetrtin le'elair state several empirical propo,-.tl1 ls, con-
t9439-penetrating contemporary air sistent with the convet'l i. ,"i dom
defenses, achieving the same level of
damage, and taking fewer casualties.' 1. Unit (fist is 41"owuirig -,pidiy in real

Mal Gen Haywood S. Haansell (who did terats, even after lower prodhuction -,oes

much to fortnulate the ilrateglc b)ombiID are taken into at coinC'

campains of World War I1) stated that 2. The pursuit o- higher Iert-)rna.,we
one contemporary heavy bomber (B- 1 or has ted to fewer ati craft being produced."

B-2) is worth more than one hundred 3. Oe are horou h ked i

heavy bombers of World War 11 vintage, lure. -decadent" technologies: that is,
even against modem air defenses. 2  cost, perfornance, and tnimiN-rs of mis-

Many who hold to the conventional sions are growing over limtle.'

wisdom would not disagree fundamen- 4. Increased pertormance comes al a

tally with those esthiates of capability very high cost."

increase. They would assert that in- i. Performnance requirements are

creases in performance reflect pursuit of pushed to the edge of currenitly available
technological possibilities without con- I technology. There is no systematic trade-

sileratlon of the cost implications, off between pertormance and cost: coin-

Fortunateiy, the question of what, if plexity and "gold plating" are intreasingi'
any. cost-performance trade-offs affect The first three propositions caln be ex-
system designs is amenable to some erm- amined readily with the available data.
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Proving or disproving proposition 4 re- r
quires a model to account for the cost of i
tactical aircraft. Proposition 5 is the most I
serious indictment of current practices
and is the centerpiece of the conventional
wisdom. Examination of this last
proposition requires a model for analyz-
ing cost-performance trade-offs.

This section first examines proposi-
tions 1 through 3. Next, it provides an -

explanatory model to account [or aircraft
cost that serves as a means to evaluate
proposition 4. A rational design model is
then offered as a benchmark for examirn-
intg actual cost-performance trade-ofis.
Taken together. the empirical and ratio-
nal design models provide a means for YeA' OF1 V t

assessing the merits of proposition 5. Figure I

Trends in Tactical Aircraft
Cost and Performance

PROPOSITION 1 asserts a clear trend
toward Increasing costs in major weapon
systems. Jacques Gansler puts the in- z.

crease at 5 to 7 percent per year, even Z<

after taking inflation and production
rates Into account.m At face value. tacti- . t

cal aircraft data supports Gansler's state- ,
ment. If we exclude the effects of <
production rate, we note then real unit
cost has grown at approximately 6 per-
cent per year. Figure 1 plots real unit I

cost (corrected for production rates) with
respect to time. However. if we also cor- 1950 1960 1970 19S1940
rect for the effects of pertormance, then YEAR OF - FLIGHI

the time trend disappears--which casts
considerable doubt on the significance of Figure 2

12Gansler's statement. This is evident in Commitment to mature technologies
figure2. means pursuit of ever-higher perfor-

Proposition 2 states that production mance and multimission capabilities
rates have decreased over time, with the
pursuit of higher performance being a key
factor. The empirical evidence supports ingly higher cost of more performance."

that hypothesis. In fact, there is a clear Proposition 3 therefore asserts that we

downward trend over time, even after the observe higher performance, higher cost.
effects of wars (Korean and Vietnam) and and greater tendency to mullimission
performance have been included, as fig- designs. Virtually all observers would
ure 3 shows.' agree with the higher costs and

12
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capabilities over time. There is also some TASC data and taking into account coil-
evidence for designing more missions into dlitlons of production (to include costs of
tactical aircraft, as shown in figure 4. materials and learning curves), perlor-

mance, and mission design.5 ' The follow-

Ing model explains tactical aircraft cost:

C .959 [14""1 [ 4 
.374M01*II [RATEI 2 4:1)1

(0 I (13.651 12931 1 2.921

1,(.345A01 1,4 .3.1

,--< z •-*=- l~,.#= .85.
-<

where C Is real unit cost (in millions of
o ... fiscal year 1981 dollars), q is performance

as measured by the TASC methodology.
R Is production rate, MOD and Al are
durmuy variables (taking on the value one

O for modified aircraft and interceptors,
respectively). The eflect of time (I) start-

1940 1950 1960 1970 1980 ing at 1950 (where t = 1) is estimated
YEAR OF FIRST FLIGHT exogenously, using the Hildebrandi and

Figure 3 Sze estimate of technical progress.16 All
estimated coefficients are statistically sig-
nificant except the constant.

Using the empirical model, we can now
comment on proposition 4. Norman R.
Augustine asserts that the last 10percent
in performance accounts for about one-

z third of the cost: Walter Kross quotes the

(3 critics as stating the last 10 percent ac-
counts for about half of total cost.' 7 Ac-
cording to model (3.1), we would expect

... .,- . the last 10 percent of performance to
- account for approximately 13 percent of

Z /total cost,"' much less than the amounts
the critics have claimed.

1 ooA Rational Choice Model of
1940 1950 1960 1970 1980 Cost-Performance Trade-offs

YEAR OF FIRST FLIGHT

Figure 4 INHERENT In any system design is a
trade-off between performance and cost.

gfor Tactical The opportunity cost of better perfor-
mance is the added quantity possible

Fighter Costs with a cheaper, less capable design. Also,

combat effectiveness is a function of both
THE work of Gregory C. Hildebrandt and quantities available and capabilities of
Man-bing Sze provides the basis for ex- each unit.' 9 A military service interested
plaining tactical fighter costs--using the only in maximizing capabilities would

13
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trade ofl perlormance against cost to for- ' -

mulate the design that provides the I
largest amount of capability for a given
butdget.C The design problem is depicted
graphically in figure 5. At any given level
of technology. 'T. performance comes at a
price described by the performance-cost
frontier. AA. 2' Therefore, the service
faces the choice between fewer but more
capable aircraft, or more numerous but
less capable aircraft, as depicted in figure
6. The curve 13B represents budget con- -
straint of the form ,

13 = lCtq)l 1A

where C is average unit cost as a I.unction
of performance (q) and x is number
procured. The curve BB' represents an 14

increase in available resources. The f•u,~,t:

curve EE represents combinations of per- Figure 6

tbrmance and quantity that result ini The implications of tangency are iw-
eqi!a! icvels of effectiveness (an Isoquant}: •portant. Suppose, as Frederick L. Frostic
FF represents an increase In effective- and others state, that combat effective-
ness, while DD constitutes a decrease. a
The optimum design, q*, occurs at a point i ness is a multiplicative relationship of

of tangency between the isoquant, EE, quantity available and individual system

and the budget constraint, BB. At that capabilities. such as.

point, the slope of the budget line is equal R = x
to the slope of the isoquant. ttwhere R is effectiveness, q is performance,

I and x is number available. 22 The slope of

A1  Ithe isoquant Is

cosT dq/dx =-q/ax.

Likewise. the slope of the budget line is

dqldx = -C/ C qx,
COST-PERFORMANCE

FRONTIER , where C Is the first partial derivative of C
with respect to q. Since the slopes are
equal, then

/ qCq/C = a-23  
(3.21

./ Equation (3.2) characterizes a rational

design that balances performance
against cost to obtain the greatest pos-

sible combat capability. As already
"STATE

OF shown In the empirical model, we can
T THE ART' relate performance and cost as follows (ifS.... I .... all other variables are held -onstant):

PERFORMANCE

Figure 5 C = ISol lqSll:

14
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where So inchides the (constant) values of first flight 1957 or alt-T,
all variables except q. We can then relate 2A 1 - " t '" 1 I A] P'
the empirical model (3. 1) to the rational 1, 1 a? k i 1 2: t 2 ws

design model:

(qC = "lI/j t iq l "l /IS•')1s l. [:21, 
2

T.,;; = 9•j

or, qqiC = S, Anialysis A t(ie dlata inidicat es ial Atl)-

Combining (3.2) and (3.3) gives tis served preference for performianice has
not changed over tinle.27 In short, the

S1 = o. ($3.41 emilrical recordl for tactiial aircrafi is

Equation (3.4) provides a c(u["til in- consistent with the rational choice model.

sight. fRational choice in systems design

meaxns that the assessed relative lnlioml-

tance of performance and numbers is Assessment of the Empirical
revealed in the paranmeter S,. which can Record
be empirically estimated. This suggests
two observations. First, since S >I. the TWO findings are by tar the most intcr-
empirical record shows a clear preference esting and important. First, the services

reo7 reeec have clearly favored pl'raiceover
for performance over quantity.2 ' Second. ypeilornuicee

we can formulate an alternative quantity: or, restated in ternis oflthe ra-
iUonal design model, the services have

revealed an assessment showing perfor-

5.a. Ta(-tical aircrafl design-; reflect a systematic mnalice to be more important than ni m l-
and consistent trade-off between performance bers in tactical air combat. Second.
and cost. observed behavior is consistent with the

If true, proposition 5.a falsifies 5. If rational design niodel: there is strong
evidence to support the proposition (5.a)proposition 5.a were notite, wetwul that system designs consistently reflect

expect to find the estimated parameters an assessment ofthe roles of system per-
of model (3.1) to be of doubtful slg- formance and numbers in producing

nificance. We would also expect to find combat etliectiveness.
the overall model to be of dubious value The second finding provides a new
in explaining cost variances., If, as perspective for viewing the conventional
proposition 5 asserts, weapon system wisdom (especially in propositions 1-4).

designs are becoming increasingly ba- The critics appear to be reasonab)ly ac-
roque or gold plated, we would expect to curate observers, but not proftound
find some evidence of changes in behavior analysts. In fact, the more damning the

over time, with the estimated value for S, assertion offered, the less the empirical

increasing.2 There Is good evidence of a record supports it. Propositions 1, 2, and

change in the overall model taking place 3 are factual, although the conclusions
drawn are sensitive to the in lusion of

for designs that first flew in 1957 or later; other ep nato vi e beyon the

the model applied to the two subsets gives simple passage of time.

results as follows: Proposition 4 Is, at minimum, an exag-
first Ilight before 1957. geration. Increased performance does in-

C= .907 1510l1 lek-25MoL)Jl I1API'EI .17811 deed carry a price tag, but, it is far less
t.13) (5.69) (.081 81.62) thlan asserted. Finally. if one accepts

IS.414AI it, .03tI proposition 5.a, thejn proposiitIons 1-4 Iall
(2.37) = .59: the -so what" test. Higher pertormance
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(along with higher costs and lower num- pertfrniance versus numibers in deter-
hers) is justified based on military cal- I minrig military effectiveness. Though
culatlons of combat effectiveness. the .. iilitarv has sl.o~kn a consistent as-

So, what are the real issues? First is sessment in favor of pertornman'cc, ,mue
military competence and integrity. The would argue that numbers are more i.u-
performance measures ,ised rely heavily portant. Some cite the ACEVAL/AIMVA.

on professional military judgments. 29  test series as proof of the greater eltective-
Paid consultants to the DOD (a sig- ness of larger numbers of cheaper.
nificant number of whom are retired of- simpler air-to-air lighters.:%) Likewise,
ficers) compiled all the data used here. the imporlance of a regular -presence-
Although there appears to be no ulterior over the battlefleld (achievable throt:,al
objectives in the work cited, those deter- large numbers) has been used to support

mined to distrust the military or depre- the contention that numbers are also
cate military expertise will distr-ust of more important in air-to-ground mis-
deprecate the analysis presented. s 3os1

3

Second is the real importance of system
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McNaugher, New Weapons. Old Politics: America's = .478 ll 18)) JR1 . I24) 2 1
Militarn Procurement Muddle (Washington. D.C.:
Brookings Institution. 1989). 168.

6. McNaugher. 87-122. I'Zc, = 75
7 Mary Kaldor. "The Haroque Arsenal (New York:

I fll and Wang, 1981). 20. 22: McNaugher. 88--92. . Only the estinmalcd paramuiter for periorn.mncc (q) is
8. Norman R. Augustine. Anu-gustinme's Lawrs statisticallv significant. Tllhotogh Ithe apparent t re•d

(New York: Viking Penguin, 1987). 138: Walter is. negative, the slope is not sigrnihicantly different
Kross. Vilitary Reformv: 71w Iigh Tech Debate in froti zero.
Tactical Air Forces (Washington. D.C.: National 1:3. [repositilon 3 (an be stated niathenuitii allv
Defense University Press, 1985). 63. as follows:

9. McNaugher. 90. 13,5-37: Kaldor. 22. 24. 26.

10. Gansler, 7. R = CO H17 ib4WAR)• jq'l.
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where WAR is a dmummy variable (and Likes on the - ~%~=d.Jdx = - v
vwilue of one for systems introduced in war years and
zero otherwise). The fitted equation Is or. stimplifyitng.

R = 5 419 IV _ ~Iji 1,.3855WAR.itJ qd .279)1 qCq C = aL
(1-a7.5 (-2.691 (2.361 t_ 1.591

In more technifai termrs, the left -hand side of tlis~.
.40 last equation is the elasticity of unit tost with

respect to performnance. 'thie right hand side of thwe
All estimated parameters are statistically significanit equation Is d measure of the relative Importance oii

e~xcept for pci-formance. q. performance tn overall force effectiveness-being
14. Kaldor. 5. 19- 22. 25. 97. 112. in the TASC the quotient oif the elasticity of effectiveness wxith

methodology. fixe I-wing aircraft may have one to respect to performance divided by the elastlitit of
four missions (close atr support. initerdic-tion. effectiveness with respect to quant!*N
fighter, Interceptor, or vaxi ous combinations). Timi- 24. A standard i-h st shows that S, is stig
berlake, 2-2 to 2-4. nitlcatitly greater than one. Since S = a/b in tire

I5. Iildebrandt and S?e. 15, I8 835. rattoiital choice inodel. their we kart be .,rilldlcot that
16. Ibid.. 18. 35. The results seen herr are the empirical data reveals that cj>b: that is. that

consistent with the alternate formulation. whtch qystemn perforrnan-e is rnor- Important than nuri
also uses the TASC performance mneasure. Better bers fIn producing eftevtiveriess.
results came from the durni - ~rartable Al (intercep- 25). Using standard regression analysts, we
ter' .istead of AITACK (accounting for aircraft with wouldn't exmpe~t the estimated parametet s to lit
a ir -ground min~ssions onily) . slgmttlicantitv different from zero. nt,: the overall

17. Augustine. 138: Krosws. 63. model to e~xplain cost variation very well. In fa14ct
119. Hildebrandt anid Sze reach at stmtflar con- paramneter estimates are hjighliy signifit ant. anid thew

cluston. Sev Iltldebrandt anid Sze, 35. Suppose we model does account fot (cosis well.
observe a per-formance level of 10 at a cost of .910 26. One c-an look for such changos by testing for
million, Everything else being equal (rincluding the presence of changes (or "hr -aks') tIn the-
technology), if performiance were 9 instead of 10. pamm'Ameters of the tnoilei: at any given ttime period
estimated cost would then be reduced to about $8.7 using the Chow Test, or. In the absence of rnoto
million: information , estimate the most likely breakpoit it

091,/ C 10)= 1 i `51 110 .361 .8(j.ustoig thle Quandt Maxnimum likelihoodl Estitmnat o
c(9~c¶ 0) jy.161 /1 tJ'" 15 - 66.In this particular case, the maxini-mn likelihoodi

19. Frederick L. Frostic. -Quality Versuý-. quan- . thisisthe onlf ro brea whichs t197Ith hWritesot i1.

tity fin Tactical Fighter Forces." Jouirnal ofDvfense ti str il eidfrwihteCo eti

Research 13 (19811: Declassified 1987. 286. signtficant. See Franklin M.Fthr.T'i i

20. Actually, this is a necessary condition for Equality between Sets oft Cmoeff1iemits tn1'two lifteat~
o1 timnum sTystemn design. R-ogerson states; mnore Regressions.- Econonivmetric 38 (1970)- 36 1 -16. S,

general conditions. See William 1p. Rogerson, M. Goldleld anid R. E. Qutiadt, Norlirivar-Meffhods irt
"Quality vs. Quantity in Military Procurement." 62.oitis(,t o :Nrhfolai.17) r

Arnierican Econoritc Rityien' 80 (1990): 84.5 2 27. fin fact, the re is weak evideni i(e for a decrro'.i

from Leonard Sullivan. as discussed in McNaugher. Lin Sr.
In Sullivan's formnulatilon. the cost-peirformance 28. A convirim-crd (TItl could argueq that all 'huis
frontier goes asyniptotic ai performnance level T. Se.r section has really done is flal to disprovfe prop~osition
McNaugher, 6-~7. 5.a. A rejoinder would be lit two parls: (1) Fail'ire

22. Frostic. 286. to fyind a signtffh ant aind poisitive trenid fitt -ots riot
23. Since, by definition, effectiveness is con- accounted for b%- other variables casts (olisiderabli'

stani along the curve EE, their doubt ott propos~itiont 5. (2) Since the servi. -e have
the highest degree of proferssional backgrounld in

dE = 0 = Eqdq + E~t = a4'U 't xdq + qllbdx. ,Judgintg milfitary, eflectiveniess tland whosec metitriers
face some Possibility of livting or dyving based on IThe

which can be simplified as accura('y o[ those a'ssessrnents), there is at least
dq/dx = -qiax. some burden of proof on those who would critict'.e.

Moreover, the acqitisitlimi process is. in fact, no inore
likewise, cost is constant along the curve [313; thai 'lawed tb-art I(; products.
is. 29. T~mberlakc. 1 -Sio 1 -7. Appendi.,cs A arid 11

d13 0 Cdq +Cdx.30. Kross. 9 1: Roýýrrsorr. 83.
dB 0 Cqdq Cd. .- 1 Franklin C. Spinnev. IOef'orse Facts o(L14':

or 'The I'laus/Rvalifil %fismiatch (Boulder. Colo.:
Westview Press. 1985). 89.

dqi/dx= C/C~qx.

Cotntinuing,
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Chapter 4

Cost-Performance Chok es in the Future

TO ensure that we field cost-effective a is the relative importlance of qua!Av
hardware in the fiscally constrained years versus qtiant ty In combat. Just as avai'
ahead. It is usetul to think throigh the able evidence reveals the asse:,sed irn-
Air Force approach to quality-quantity porta ice of perfornance versus quantity,
trade-oils. At minimum, it is highly ad- histirical data provides estimates of their
vantageous to better articulate the artual impotlance. A number of enpirl-
reasons for current pracUces. Chapter 2 cal studies based on F: ,derick W.
Indicated some difficulty discerning La-iiclhcser's -iodel of combat consider
where those trade-offs are actually made combat results as a function of quality

in the acquisition process. However, and quantity of forces engaged.
chapter 3 showed substanUal evidence Lanchester was first to orgai:ize the
for major weapon system designs follow- performance-quantity issue within a
Ing a consistent, rational pattern of cost- defined analytical fr-amework. and to
performance trade-offs. This chapter propose a measure oi force effect ivc.ess.

addresses two issues. Fiist. does the ema- The original fornuilatfion assumed 1s,
pirical evidence suppcrt past assess- rate at any instant is based on optx)sitg
ments of performance being more force size and perfrnmance of each unit:
Imporlant than quantily? Some evidence that is,

based on Lanchestrian models of combat
results supports the assessment that
quality is more important than numbers.1 dy/dt = - q x. (4.21

Second. with the Central Front contin- where x and y are force levels and the (I's
gency no longer dominating defense plan- are positive constants reflecting perior-
ning. how will the quantity-perfbrmance mance of indliidual , ni:;.
issue play out in a world of multiple and System (4.2) can be solved for
uncertain contingencies? 2 Portfolio

theory provides interesting Insights, with (- -, / Y() - 2) = (4q.. (43)

indications that we should continue em- whert. xY, and y0 are the force sizes at thl
phasis on performance in the future. start of the engagement. As is -vident in

(4.3), the squares of the force sizes reduce
at the relative rate of (Iq,,/q. "Therefore.

Relative Importance of Quality numbers are more important than pertor-

and Quantity in Comibat nuince in this particular model. For c,-
ample, if the X side were twice as

CHAPTER 3 discussed multiplicative ef- numerous as the Y, then Y would nee~d
fectiveness measures of the form four times the perfornance of X to have

R= q x. (4.1) the same combat capability. Lanchest -
proposed his famous quantily-squared

where R is combat capability, q is system measure of effectiveness: The fighting
performance, x is numbers available, and strength of a force may be broadly defined
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as proportional to the square of its
numerical strength multiplied by the COMBAT INCH[ AIING

lighting value of its individual unlts.- W IUo
Mathematically, we can state the square MASS

law as equating fighting strength to Iq, x 2 j.

In terms of equation (4.1), we can write

H= q(.5)x .
4  

(4.4) S 1 DE CHI ASN5

James G. Taylor. D. S. Hartley. and i MASS

others have generalized Lanchester's
equations (4.2) to the formn S- I

(Lr/dt = - x. y,

dyl/dt = - q t yl x, (4.5)

where s is a positive constant." System
(4.5) can be solved for

1 'L. 2 
), / (Y, 12  

T_ 2 ) = q: /q. (4.6/

Then, Lanchester's original effectiveness
measure (4.4) can be generaiz to NUMBRS

R = %,I/12 41 X. 6

Present studies identify three discrete Figure 7

cases defined by the value of s: analyze the combat results using the

- if s = 0. we have Lanchesters original model, HeImbold Ratio, which is defined as
the square effectiveness measure applies, and

numbers are Important: Ij = (X,2 -X2) / (.y2 _ Y2). (4.7)
- If s = 1. a similar measure of effectiveness

applies, and effectiveness is proportional to where x and y are forces remaining aller
quantity: numbers and performance are the engagement.9 Hartley and Kruse
equally important: then proceed with an empirical model to

- ifs = 2. then numbers don't count and only e
quality matters.

7  explain combat results:
1 ofI) = t, In(xo/Y•) + tw. (4.8)

Intermediate, noninteger values are

"mixed" cases. The effects of numbers on where 1 nil") is the natural logarithm of H.

combat effectiveness are shown In figure (xk/y,) is the starting force ratio, and v

7. If the parameter s Is greater than one, and w are parameters to be estimated.

then there are diminishing returns to Empirical results show the relative im-

numbers; ifs Is less than one. we observe portance of performance and quantity in

increasing returns.8 explaining combat results; that is, the
value of v in model (4.8) corresponds to

W channwer a: quatisthesrelation raid the value of s in system (4.5). In par-
in chapter 3: What is the relative lmpor- ticular an estimated value of v greater
tance of performance versus quantity m than one supports the importance of
combat effectiveness? Empirical studies numbers. Hartley and Kruse show that
using generalized Lanchester models (like the estimated value of v corresponds to
system 14.51) indicate a mixed case, some- the value of a In equation (4.1) for 12sl In
where between the linear and logarithmic equation (4.7)1.'o The results are shown
cases. D. S. Hartley and K. L. Kruse in table 1.
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Using model (4.8), Hartley estimated One objection to this approach is thail
thie value of 1 using air and land battle attrition is a simplistic tmeasture of (0pi-
data.' The results presented in table 1 bat results. We reach the samle basic

are easily interpreted. They are consis- conclusion with a more sophisticated as-

tent with a mixed linear-logarithnic sessnient. The Quantified Judgment
model of combat losses.,2 In terms of the Model (QJMJ uses a richer metric for laid
effectiveness measure (4,1), that means combat results, consisting of (1) miiissioni
quality is not everything, but It is more accomplishment. (2) ability to hold

important than numbers. ground, and (31 casualties incurred."'

Table 1

Hartley's Estimates of the Importance of Performance in Battle

Data Set Observations v. Error R2

Heimbold 92 1 23 0.12 55
81 1 49 0.12 65

Battle of Britain 17 1 54 028 67

Civil War 19 1.60 027 67

Inchon 19 1.37 1,38 .05

HERO 263 1.54 014 .32
340 1 20 008 .38
24 1.44 0.55 .23

Total 855 1.38 0.06 .41

Source: D. S. Hartley III. Historical Validation ofan Attrition odel (Oak Ridge, Tenn.: Data Systems Engineering
Organization, May 1990). 1-4.

If v>1. then unit performance is estimated to be more Important than numbers.

Using the QJM method of measuring tity. and current emphasis on perfor-

combat results, T. N. Dupuy finds strong mance is consistent with that assessment
evidence of diminishing returns as more of what counts in combat.

numbers are added to either side of an

engagement:

There Is evidence from historical combat that. Weapons Design
after a given ratio of combat power is reached, in a More Uncertain World
the addition of more forces provides less in terms
of results than would otherwise be expected....
This Is. of course. a statement of the familiar law The post-cold war era has imposed
of diminishing returns.1 4  major changes on US strategy, defense

planning, as well as on the size and coni-
position of forces. To a large extent, we

sistent with performance being more im- have planned against a main enemy, the

portant than numbers, as Illustrated in USSR, and a main contingency, a large

figure 7. Empirical studies support per- Soviet invasion of NATO Europe via the

formance counting for more than quan- Central Front. ' There are two major
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developments in the planning environ- upon general economic and specific
ment. market conditions. Employing prob-

I. The Soviet threat, at least as traditionally ability distributions fo estimate the
defined, has clearly dirndiished. However. nmjor Ilkelfiood of the various possible returns,
uncertainties remain regarding Internal develop- the methodology comiputes both an ex-
ments and the prospects for arnms contiol agree- pected vale anc a spread in reltrns.

measured by variance or standard devia-
2. Various re0onIal threats to national interests lIon in the return. Variability of ref trln is
are more tniportant. in absolute as well as rela- the measure for risk.

tv ert.16tire terni. tIfalternative portfolios are analyzed for

The most Important implication for risk (bad) and expected return (good).
planners Is greater uncertainty regarding some candidate portfolios are eliminated

actual military operations. Five years and an efficient frontier emerges. (See

ago. for example, few observers would curve AB in figure 8.) At any point on the

have rated an Iraqi seizure of Kuwait as frontier, one cannot find a portfolio with

the most likely contingency to require a a higher rate of return without also in-

military response. Consequently, the ef- creasing risk. The frontier slopes upward

fectiveness of any military force is more to the right, meaning that less risky as-
uncertain as a variety of operational fac- sets have lower rates of return, and coin-

tors var- with contingency, including mand a premium price In the nmarket.' 9

hostile forces, allied forces, basing ac-
cess, weather conditions, and so forth.
Without a compelling major scenario EXPECTEDRETURN

upon which to anchor planning, there Is

a greater need to reflect that uncertainty
in planning and resource allocation
decisions.17  B

Fortunately, an established body of
knowledge, called portfolio theory,
provides useful insights In planning for
risky situations. In financial markets,
investors may purchase a wide variety of
assets, each having an expected return
and a certain amount of risk attached.
Portfolio theory deals with the selection of
an optimal mix of assets (optimal A

"portfolio"). The theory also has some
useful insights into cost-performance
trade-offs in weapon system designs."'

A central assumption of the theory is
that investors are risk averse, preferring RISK
less risky portfolios. other things being

equal. Similarly, it is reasonable to stLP-
pose that defense planners are risk averse Figure 8
with respect to the capabilities of their
forces in various combat situations. With the absence of a market and risk-

Portfolio theory centers on utility max- free asset in weapons design, many of the
imization under conditions of uncertain- results of portfolio theory do not apply
ty. Each asset has a return that depends directly to weapon design. However, the
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basic insights gleaned are very useful. sionf Increases systemn pertloiiati(ce ini [ti
We know that investors are willing to pay optimum design.
more for a less risky asset than a simple The Implication is that if we lessen risk
calculation of expected return implies.20 by increased performanice, we should

The optimum system design includes choose performance levels beyond that
consideration of expected force effective- implied by expected value considerations.
ness (good) and also variability in el-ec- If increased perlorinance increases risk,
tiveness (bad). To see the elfiects of risk then the opposite conclusion applies.
aversion in design choices, we can revisit There is no definite answer to the ques-
figure 6 and incorporate the effects of tion ofwhether performance redtices risk.
being risk averse by formulating an ob- but some results using the TAC Warrior
jective function to be maximized by model of air combat in Europe are inter-
design choice: esting and suggestive. A major simula-

=~ EtI - A var(I. (4.9) lion study, documented by Frederick L.
Frostic, explicitly considers quantity-

where U is the value of "utility" attached perfornmance issues in tactical air forces-
to a system design, EIR) is expected effec- through analysis of equal-cost
tiveness. var(R) is variability of effective- combinations of high-performai ice F-I15s
ness as employment conditions change, versus cheaper, "austere" fighters.2'
and A Is a mea'.iore of risk aversion. If we The base case for the simulation in-
don't care about risk, A Is zero, increasing cluded clear air mass conditions. One
risk aversion Is reflected in larger values excursion considered degraded weather.
of A. Results showed that as weather condi-

Figure 9 shows the effects of risk a'- er- lions deteriorated, the effectiveness of the
slon. If increased performance lessens lower-performance option was lessened
risk, then the indifferenze curves rotate much more: -The austere day lighter (ef-
toward the verticai-as shown by MM' fectiveness) ... is significantly degraded.,
versus NN'. 'Ihe result Is that risk aver- while the F- 15 option improves slightly.22

In terms of portfolio theory, Frostic's
N 'results indicate higher system perior-

M N mance means less variability in combat\ tRISK AVERAGE

QUANTITY PREFERENCE performance.
Frostic's conclusions are only sugges-

tive. Franklin C. Spinney, for example.
has argued that the maintainability of the
more complex F-15 in combat is also a
source of risk.2 • We need more study of
such risks before reaching any definite
conclusions. Some evidence shows that
"higher-performance designs lessen risk,

RISK NEUTRAL• \ and that rational designers should there-
CHOICE f' fore show a special willingness to pay bor

RISK AVERSE " more quality in system designs.
CHOICE

N Implications for Planning

PERFORMANCE This chapter has considered some fac-
tors pertaining to design practices in lhe

Figure 9 post--cold war era. There are two major
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considerations. First, past emphasis on mance as a means of reducing risk.
pertbrnaince seems consistent with his- Though it is worthwhile to rethink how we
torical evidence. Second. more uncer- design weapon systems, there is some
tainty in force planning may favor good evidence that no radical changes are
continued emphasis on system perfor- necessary.
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